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We have engineered tomato plants (Lycopersicon esculentum Mill var. UC82b) to express a gene for
the glycoprotein (G-protein), which coats the outer surface of the rabies virus. The recombinant con-
structs contained the G-protein gene from the ERA strain of rabies virus, including the signal peptide,
under the control of the 35S promoter of cauliflower mosaic virus. Plants were transformed by
Agrobacterium tumefaciens-mediated transformation of cotyledons and tissue culture on selective media.
PCR confirmed the presence of the G-protein gene in plants surviving selection. Northern blot analysis
indicated that RNA of the appropriate molecular weight was produced in both leaves and fruit of the
transgenic plants. The recombinant G-protein was immunoprecipitated and detected by Western blot
from leaves and fruit using different antisera. The G-protein expressed in tomato appeared as two dis-
tinct bands with apparent molecular mass of 62 and 60 kDa as compared to the 66 kDa observed for G-
protein from virus grown in BHK cells. Electron microscopy of leaf tissue using immunogold-labeling
and antisera specific for rabies G-protein showed localization of the G-protein to the Golgi bodies, vesi-
cles, plasmalemma and cell walls of vascular parenchyma cells. In light of our previous demonstration
that orally administered rabies G-protein from the same ERA strain elicits protective immunity in ani-
mals, these transgenic plants should provide a valuable tool for the development of edible oral vaccines.
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fforts at mass immunization of humans against rabies
in developing countries is hampered by the relatively
high cost of vaccine production and by the need for
the medical infrastructure required in administering
and distributing currently available vaccines. Oral
vaccination is considered the ideal approach, and
recombinant rabies vaccines ingested orally have
proven effective in inducing protective immunity in wildlife
against street virus challenge'?. These vaccines are based on

¥

the immunogenicity of the well-characterized rabies glyco-
protein (G-protein).

As a step toward developing a safe and effective edible oral
rabies vaccine, we have explored the use of plants genetically
engineered to express viral proteins. Indeed, the hepatitis B
surface antigen has been expressed in transgenic tobacco
plants’, binds to antibodies to hepatitis B virus, and is
immunogenic in mice*. The ideal plant-based oral vaccine
would be produced in an edible plant which is consumed fresh
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FIGURE 1. The recombinant plasmid pRGRgp containing the rabies G-protein gene under the control of the 35S promoter from
cauliflower mosaic virus (CaMV 35S Pr.) and also the nopaline synthase polyadenylation region (NOS-T) constructed from the
binary vector RG-2 derived from Bin 19. The neomycin phosphotransferase Il (NPTIl) gene provides kanamycin resistance in
plants and is under the control of the nopaline synthase promoter (NOS-P). Arrows indicate the approximate location of
sequences used as PCR primers.
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FIGURE 2. Northern blot hybridizations of leaf and fruit RNA
probed with sequences for the rabies G-protein gene. Lanes:
(1) 10 g of total RNA from rabies-infected BHK celis as stan-
dard; (2) 20 pg of total leaf RNA from a normal non-transgenic
tomato plant; (3 and 4) 20 pg of total leaf RNA from two
primary transgenic tomato plants regenerated from tissue
culture and containing the RGRgp construct (Rgp-11 and -13);
(5) mRNA from the fruit of a normal tomato plant; and (6)
mRNA from the fruit of transgenic tomato plant Rgp-13.

by the target population.

We report here the construction of transgenic tomatoes
expressing the same rabies G-protein gene used in other vac-
cines and our analysis of its expression and intracellular loca-
tion in tomato tissues.

Results

Plasmid construction. The construct RGRgp (Fig. 1)
was made using a binary Agrobacterium tumefaciens vector
RG-2 (see Experimental Protocol). RGRgp contains the
complete unmodified G-protein gene from the ERA strain of
rabies virus under the control of the cauliflower mosaic virus
(CaMV) 35S promoter, and also the neomycin phospho-
transferase 11 (NPTTI) gene for selection on kanamycin con-
taining medium.

Plant transformation. Tomato plants (Lycopersicon
esculentum Mill var. UC82b) were transformed by A. fume-
faciens-mediated transformation of cotyledons and tissue
culture in selective medium. The plants appeared similar in
both morphology and fruiting to non-transgenic tomatoes
regenerated from tissue culture. Four lines of transgenic
tomatoes containing one or more copies of the RGRgp con-
struct were obtained. Two of these lines expressed G-protein
mRNA in leaves and fruit (Fig. 2). One line, designated Rgp-
13, was selected for further analysis. Rgp-13 was self-polli-
nated and the F, offspring screened for the presence of the
recombinant gene by the polymerase chain reaction (PCR).
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FIGURE 3. Western blots of immunoprecipitated protein from
transgenic and non-transgenic tomato tissue. Precleared
extracts containing 200-500 mg soluble protein were immuno-
precipitated with the R165 antiserum (R215 in lane 7) and for-
malin-fixed S. aureus cells. The protein was denatured,
electrophoresed through a 7.5% SDS-PAGE gel, and elec-
troblotted onto a PVDF membrane. The Western blot was
probed with the mouse monoclonal antibody 6-15C4. Lanes
contain protein from: (1) 25 ng inactivated rabies virus; (2)
extraction buffer (TSA, 1% Triton, 1% sodium deoxycholic acid)
plus 100 ng inactivated rabies virus; (3) control non-transgenic
tomato leaves plus 100 ng inactivated rabies virus; (4)
prestained molecular weight markers (200, 97.4, 68.0, and 43.0,
kDa); (5) control non-transgenic tomato leaf; (6) transgenic
tomato leaves precipitated with R215, Rgp-13 line, (F, genera-
tion); (7) same as (6) but precipitated with R165; and (8) trans-
genic tomato fruit, Rgp-13 line (F, generation). Band G is the
G-protein from purified virus (1 ng virus = 0.33 ng G-protein).
Bands A and B are found in transgenic plants expressing the
RGRgp transgene. A large very faint band from 50-60 kDa in
lanes 2, 3, and 5-8 is from the heavy chain of rabbit IgG.

Of 22 F, progeny, 18 contained the recombinant gene, sug-
gesting that the primary transgenic plant contained a single
insert segregating in a 3:1 ratio (X*=0.545, 0.5>P<0.2).
Protein expression. The recombinant G-protein was
purified by immunoprecipitation from extracts of leaf and
fruit tissue using two different polyclonal sera, R215 or
R165 (see Experimental Protocol), from rabbits immunized
with G-protein purified from virus. The G-protein was
detected by Western blots (Fig. 3) using a mouse monoclonal
antibody specific for a linear virus-neutralizing epitope’.
The plant-produced G-protein, immunoprecipitated from
leaf and fruit tissues, migrated as two prominent bands with
apparent molecular mobilities corresponding to 62.5 (+1.6)
and 60.0 (£1.0) kDa (Fig. 3, lanes 6, 7, and 8§, bands A and
B). No bands were precipitated from control tissue (Fig. 3,
lane 5). G-protein from denatured rabies virus migrated as a
single band at the 66.0 (+1.0) kDa position (Fig. 3, lane 1,
band G). When inactivated rabies virus was added to the
extraction buffer and immunoprecipitated as a positive con-
trol, only a single band was observed (Fig. 3, lane 2).
However, when virus was added to extracts of non-trans-
genic tomato, a second band was observed which appeared
to co-migrate with the larger band from transgenic plants
(Fig. 3, lane 3). Faint low abundance bands, around 50, 80,
and 100 kDa, were observed in some experiments (Fig. 3,
lanes 6 and 7) but were absent in others. The amount of G-
protein immunoprecipitated was approximately 1-10 ng/mg
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soluble protein, as estimated by comparison to virus stan-
dards on Western blots. Slightly lower amounts were
obtained with extracts from fruit.

Electron microscopy. The intracellular location of the
recombinant rabies G-protein was examined by immunogold
labeling of fixed leaf tissue treated with G-protein specific
antisera. In F, generation transgenic tomato plants, gold parti-
cles were present in Golgi bodies, vesicles, and cell walls of
vascular parenchyma cells (Fig. 4A and B). The highest con-
centrations of gold were localized in the vesicles and cell
walls. Intermittently spaced labeling of the plasmalemma was
observed in some sections (Fig. 4A). No labeling of rough
endoplasmic reticulum was observed. Cells associated with
the leaf vascular system contained more label than other cells.
A low to moderate non-specific labeling was seen on chloro-
plasts and cell walls of control plants (Fig. 4C and D). The
gold particle density in transgenic plants was 184.1/pm?
(£ 27.3) for Golgi bodies plus vesicles and 102.1/um?2 (= 9.7)
for cell walls plus plasmalemma compared to 20.8/pm?
(+ 14.2) and 14.0/pm? (= 5.1), respectively, in control plants.
Cell walls, Golgi bodies and vesicles were not labeled by an
unrelated control antiserum (not shown).

Discussion

We have engineered transgenic tomato plants to express
an unmodified gene for the rabies virus glycoprotein. The
protein product of this gene was expressed in leaf and fruit
tissue, could be immunoprecipitated by different polyclonal
sera to the viral G-protein, and then detected on Western
blots using a monoclonal antibody specific for a rabies virus-
neutralizing epitope. Immunoprecipitation and detection by
different antisera demonstrates that some of the immunolog-
ically important epitopes are shared between the G-proteins
produced in tomato and BHK cells. The plant-produced G-
protein appeared in two major forms with molecular masses
about 4 and 6 kDa less than that obtained from virus-infected
BHK cells, but still larger than the 58.6 kDa predicted for the
unglycosylated polypeptide chain. Since only one mRNA
trahscript of appropriate size was observed (Fig. 2), the
smaller size of the plant G-protein is likely due to the differ-
ences between plants and animal cells in the extent of gly-
cosyldation and/or processing of N-linked oligosaccharide
side chains®. The complex glycans of plants are often smaller
than those of animals in part due to the absence of sialic acid.
The rabies G-protein has 3 sites for N-linked glycosylation
of which only two are used in animal cells. Galbraith et al.”
studied the expression and processing of the surface glyco-
protein from another rhabdovirus, vesicular stomatitis virus
(VSV), in transiently transfected tobacco protoplasts. Their
constructs produced a VSV G-protein which appeared to be
correctly processed and localized to the plasma membrane
but was about 5 kDa smaller than native VSV G-protein. In
addition, they observed a second even smaller form of VSV
G-protein, which was produced by a specific proteolysis
inhibitable by chymostatin. In our work, mixing purified
virus with extracts from normal tomatoes resulted in the
appearance of a second band similar in size to the larger G-
protein from the transgenic plants (Fig. 3, lahe 3), suggest-
ing that a specific enzymatic clevage of amirnio acid or sugar
residues may be responsible for the double bands observerd
in both the positive control and transgenic extracts.

Electron microscopy showed localization of the recombi-
nant G-protein to the Golgi bodies, strongly to Golgi-asso-
ciated vesicles, the plasmalemma, and cell walls of vascular
parenchyma cells. Thus, it appears that the recombinant
G-protein gene, which was not modified with a plant-derived
translation initiation site or signal peptide, contains suffi-
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FIGURE 4. Electron micrographs of vascular parenchyma
cells of transgenic and control leaf tissue probed with the rab-
bit antiserum R165 to the rabies G-protein and labeled with
10 nm gold particles conjugated to goat anti-rabbit IgG.
Transgenic plants are the F, offspring of the self-pollinated
plant Rgp-13. Cell structures are labeled: G with arrows point
to Golgi bodies; W for cell walls; V for vacuoles; Vs for vesi-
cles, RER for rough endoplasmic reticulum. Panels are: (A)
transgenic tomato leaf (plant Rgp-13F,-3) showing gold asso-
ciated with Golgi bodies (vesicles or edges of cisternae),
cell walls, and intermittent regions of the plasmalemma,
(bar = 165 nm); (B) transgenic tomato leaf (plant Rgp-13F,-2)
showing gold associated similar to panel (A), (bar = 143 nm);
(C) non-transgenic control tomato leaf showing sparse label-
ing of Golgi and cell walls, (bar = 142 nm); (D) non-transgenic
control tomato leaf showing low gold background on cell
walls, no labeling of Golgi, and no labeling of RER (seen in
lower right corner), (bar = 214 nm).

cient information for synthesis and transport similar to that
observed in animal cells with other rhabdovirus G-proteins®.

This work demonstrates the feasibility of expressing the
orally immunogenic G-protein from rabies viruses in an edi-
ble plant. The expression of the rabies G-protein was low
when compared to trangenic plants containing plant- or plant
virus-derived genes, but similar to levels seen with equiva-
lent constructs expressing HBsAg in tobacco®. Expression of
G-protein in plants might be increased by several modifica-
tions, including: the use of stronger promoters; the use of
plant-derived leader sequences and signal peptides; and tar-
geting the protein for retention in intercellular compartments
such as the chloroplasts, vacuole, endoplasmic reticulum, or
seed oil-bodies.

Our previous demonstration that recombinant rabies G-
protein from baculovirus can immunize raccoons orally’,
coupled with the availability of multiple animal models and
knowlege gained from previously developed oral vaccines?,
suggests that rabies virus will provide an excellent model sys-
tem for studying the interactions of antigens in food and the
development of edible oral vaccines in plants. Recently, Haq
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et al. showed that a highly active oral immunogen, E. coli heat-
labile enterotoxin, when expressed in transgenic potatoes, can
induce a mucosal and systemic antibody response when fed to
mice’. Studies of the systemic and oral immunogenicity of
plant derived G-protein are in progress.

Experimental Protocol

Construction of transformation vectors. The binary A. tumefaciens
vector RG-2 is a derivative of Bin 19 and similar to pBI12] (ref. 10)
except for the orientation of the B-glucuronidase (GUS) gene in relation
to the neomycin phosphotransferase II (NPTH) gene. RG-2 was modified
using standard procedures'’. The GUS gene was removed by digestion
with Smal and Sstl, treated with T4 DNA polymerase to remove over-
hanging ends and religated to form RG-G containing a unique BamHI site
between the 35S promoter and nopaline synthase (NOS) termination site.
A complete cDNA of the ERA rabies virus G-protein was removed from
plasmid pTG155 (ref. 12) by digestion with Bglll, agarose gel-purified,
and inserted into the compatible BamHI site of RG-G to make the plas-
mid pRGRgp (see Fig. 1), transformed into E. coli DH5«, and the orien-
tation of the insert confirmed by restriction mapping.

Plant transformation. The pRGRgp plasmid from E. coli was trans-
formed into Agrobacterium tumefaciens strain LBA4404 by direct
transformation". Incorporation of the plasmid was confirmed by restric-
tion digests of DNA from Agrobacterium cultures. Tomato tissue
(Lycopersicon esculentum Mill var. UC82b) was transformed using
Agrobacterium-mediated plant transformation of cotyledons and a modi-
fication of the method of Fillatti et al.'*. Shoots were generated in medium
containing 0.1 mg/ml kanamycin and rooted in medium containing 0.025
mg/ml kanamycin and transferred to soil. The presence of the recombi-
nant gene in regenerated tomato plants was confirmed using PCR" with
the primers 5'-CACTGACGTAAGGGATGACG-3’ specific for the 35S
promoter and 5'-CGTTCACATGAGGATGACACC-3’ specific for the
rabies G-protein. PCR posative plants were double checked for incorpo-
ration of the recombinant gene by Southern blots''. The plants were self-
pollinated and the presence of the recombinant construct in the F,
offspring confirmed by PCR.

Antisera. Polyclonal antisera R215 and R165 were obtained from
rabbits immunized with rabies G-protein purified from virus isolated from
BHK cells. Both R215 and R165 immunoprecipitated G-protein from
rabies-infected BHK cells (not shown) and from G-protein expressing
transgenic plants (Fig. 3, lanes 7 and 8). However, R215, but not R165,
binds to denatured G-protein from virus on Western blots indicating that
the sera recognize different sets of epitopes on the G-protein. Mouse mon-
oclonal antibody 6-15C4 can neutralize virus infection and recognizes a
linear epitope C5-24 from the rabies G-protein’.

Analysis of RNA. Total RNA was purified from 1.0 g of leaf or ripe
fruit pericarp tissue using an RNAgents kit (Promega, Madison, WI).
Messenger RNA was purified from total RNA using a PolyATract kit
(Promega, Madison, WI). RNA (1-20 ug) was denatured with glyoxal,
electrophoresed through a 1.5% agarose gel, and blotted to a nylon mem-
brane as described"”. Northern blots were hybridized with a randomly
primed *P-labeled plasmid pTG155 containing the rabies G-protein
¢DNA and visualized by autoradiography.

Analysis of protein. Thirty grams of fresh leaf or 50 g of fresh ripe
fruit tissue were frozen with liquid nitrogen, ground with mortar and pes-
tle, and homogenized with a Brinkman Polytron in ice-cold TSA buffer
(TSA=0.05 M Tris-HCl pH 8.0, 0.15 M NaCl, 0.025% NaN,) containing
0.5% polyvinylpolypyrrolidone-40, 1.0 mM phenylmethylsulfonylfluo-
ride, 1.0 mM aprotinin and 1 tablet/50 ml of complete protease inhibitor
cocktail (Boehringer Mannheim, Indianapolis, IN). Leaf tissue was
homogenized in 3 mi/gram and fruit in 2 ml/gram of buffer. After homog-
enization one volume of TSA buffer containing 2% Triton X-100 was
added and stirred on ice for 1 hr. The mixture was filtered through a layer
of Miracloth (Calbiochem, San Diego, CA) and centrifuged at 4,000 x g
for 10 min at 4°C. The supernatant was mixed with 0.1 volume of 10%
sodium deoxycholic acid on ice for 10 min, and centrifuged at 100,000 x
g for 1 hr in a Beckman SW28 rotor. Protein concentration of the super-
natant was determined using a Bio-Rad protein assay kit
(Bio-Rad, Hercules, CA) and varied around 12-14 mg/ml for the leaf
preparations and 1-2 mg/ml for the fruit preparations. The preparations
were stored at —80°C. For immunoprecipitation of plant-produced
G-protein 40 ml of plant extract was precleared with 30 pl of normal rab-
bit sera and 300 .1 of a 10% solution of fixed S. aureus cells (GibcoBRL,
Gaithersburg, MD) as described'' before addition of 5 ul of polyclonal
rabbit serum R215 or R165. The solution was gently mixed on ice for
12-16 h and the IgG fraction precipitated by adding 70 pl of fixed
S. aureus cells, incubating for 2 h on ice and centrifugation at 4,000 x g
for 10 min. The cells were washed once with cold TSA containing 1%
Triton X-100 and 1% sodium deoxycholic acid, once with TSA alone, and
once with 10 mM Tris-HCI (pH 7.5) | mM EDTA. The cell pellet was
suspended in 40 pl of 1% SDS loading buffer, electrophoresed through a
7.5% SDS-PAGE gel, and electroblotted onto a PVDF membrane''. The
membrane was blocked with 5% non-fat dehydrated milk in PBS
containing 0.1% Tween-20 overnight, incubated for 1 hr in the same solu-
tion containing a 1:1,000 dilution of mouse monoclonal antibody 6-15C4
(ref. 5), and developed using an anti-mouse Vectastain ABC kit (Vector

Labs, Burlingame, CA), and 3,3’diaiminobenzidine tetrahydrochloride,
following the manufacturers directions.

Electron micrescopy. Three separate F, generation offspring of the
primary transgenic tomato plant Rgp-13 expressing G-protein were sam-
pled. Non-transgenic tomato plants served as controls. Samples no larger
than 2 mm’ were obtained from partially expanded leaves and fixed in 4%
paraformaldehyde, 0.2% glutaraldehyde in 0.1 M Na,HPO,-KH,PO,,
pH 7.0, dehydrated in a graded series of ethyl alcohol washes and embed-
ded in LR White (London Resin Co., London, England). Immunogold
labeling tests were performed as described'. Thin sections on gold grids
were blocked for 15 min in 0.01 M Tris-HCL, 0.8 M NaCl, 0.5% Tween-
20, 1% BSA (TBS-BSA) and 5% goat normal serum (GNS), rinsed for
5 min in TBS-BSA, and incubated for 90 min in a 1:10 dilution of a rab-
bit polyclonal antiserum R165 in TBS-BSA, 1% GNS. As a control, addi-
tional grids were treated with polyclonal antiserum to impatiens necrotic
spot virus HT-1, an unrelated plant virus. Following incubation, grids
were rinsed 4 times, 5 min each, in TBS-BSA, blocked for 5 min in TBS-
BSA, 5% GNS, and incubated for 60 min in goat anti-rabbit IgG conju-
gated with 10 nm gold particles (Amersham, Arlington Heights, IL),
diluted 1:10 with TBS-BSA, 1% GNS. Grids were then rinsed 4 times,
5 min each, in TBS-BSA and 4 times, 5 min each in double-distilled H,0,
and stained with 4% uranyl acetate and Reynolds lead citrate. Samples
were examined with a JEOL 100 CX transmission electron microscope.
Each labeling experiment was carried out 2 times with 2 grids per serum
per plant, and multiple grid openings were examined. Gold particle den-
sities were determined using the software Image and a digital stylus on a
Macintosh computer.
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